The proline-rich ␥-carboxyglutamic acid (Gla) proteins (PRGPs) 1 and 2 are the founding members of a family of vitamin Kdependent single-pass integral membrane proteins characterized by an extracellular amino terminal domain of approximately 45 amino acids that is rich in Gla. The intracellular carboxyl terminal region of these two proteins contains one or two copies of the sequence PPXY, a motif present in a variety of proteins involved in such diverse cellular functions as signal transduction, cell cycle progression, and protein turnover. In this report, we describe the cloning of the cDNAs for two additional human transmembrane Gla proteins (TMG) of 20 -24 kDa named TMG3 and TMG4. These two proteins possess extracellular Gla domains with 13 or 9 potential Gla residues, respectively, followed by membrane-spanning hydrophobic regions and cytoplasmic carboxyl terminal regions that contain PPXY motifs. This emerging family of integral membrane Gla proteins includes prolinerich Gla protein (PRGP) 1, PRGP2, TMG3, and TMG4, all of which are characterized by broad and variable distribution in both fetal and adult tissues. Members of this family can be grouped into two subclasses on the basis of their gene organization and amino acid sequence. These observations suggest novel physiological functions for vitamin K beyond its known role in the biosynthesis of proteins involved in blood coagulation and bone development. The identification and characterization of these proteins may allow a more complete understanding of the teratogenic consequences of exposure in utero to vitamin K antagonists, such as warfarin-based anticoagulants.
V
itamin K is an essential cofactor in the posttranslational conversion of glutamate residues to ␥-carboxyglutamate (Gla) residues during the biosynthesis of vitamin K-dependent proteins (1, 2) . This reaction is catalyzed by ␥-glutamyl carboxylase (3) and takes place within the lumen of the endoplasmic reticulum (4) . Carboxylation of glutamate residues within the amino terminal regions of the vitamin K-dependent proteins is directed by a propeptide of approximately 20 amino acids first observed in factor IX (5) . The propeptide contains the carboxylase recognition site (6, 7) , which is subsequently cleaved to yield the mature protein. In vertebrates, proteins modified by ␥-glutamyl carboxylation can be divided into three groups. The first group is characterized by the presence of an amino terminal Gla domain, a protein module of approximately 45 amino acid residues containing 9-12 Gla residues. The Gla domains of these proteins mediate calcium-dependent association with anionic phospholipid-containing membranes, notably at sites of vascular injury and on the surface of activated platelets (8) (9) (10) . Members of this class of Gla proteins include the vitamin K-dependent blood coagulation factors (prothrombin, factor VII, factor IX, and factor X) and coregulators of blood coagulation (protein C, protein S, and protein Z). A more recent addition to this group is Gas6, the ligand for the receptor tyrosine kinases Axl and Sky (11, 12) . Gas6 has been characterized as a cell survival factor (13) , a growth factor (14) , and a cofactor in the uptake of apoptotic cells by macrophages (15) . A second group of Glacontaining proteins includes osteocalcin and matrix Gla protein (MGP), which contain three or five Gla residues, respectively (16, 17) . These proteins are required for regulation of bone growth and extraosseous calcification (18, 19) . Lastly, the presence of Gla residues within the ␥-glutamyl carboxylase itself has recently been reported (20) .
The identification and functional characterization of Gas6 underscores the possibility that vitamin K plays a much broader physiological role than previously understood. Indeed, several lines of evidence support the hypothesis that vitamin K is involved in the development of the central nervous system (CNS). A dietary deficiency of vitamin K or administration of warfarin, a vitamin K antagonist, to young mice has been shown to decrease the biosynthesis of sulfatide, an important component of myelin, and this phenomenon was corrected by administration of vitamin K (21, 22) .
Additional support for the hypothesis that vitamin K is required for CNS development is provided by clinical studies of the fetopathic consequences of warfarin exposure in utero. Warfarin embryopathy presents clinically as a constellation of developmental abnormalities, including bone malformation, stippled epiphyses, and nasal hypoplasia (23) . CNS malformations are observed less consistently and appear to depend on the dosage, timing, and duration of maternal warfarin prophylaxis. These malformations include ventriculomegaly, hydrocephaly, agenesis of the corpus callosum, optic atrophy, congenital cataracts, and mild to severe mental retardation (24, 25) .
The mechanism(s) underlying the ontogeny of CNS malformation associated with warfarin embryopathy remains unclear. One possible hypothesis is that CNS lesions are secondary to a vascular incident during late gestation arising from undercarboxylation of vitamin K-dependent coagulation factors (24) . However, this model is contradicted by a case in which the CNS sequellae of warfarin embryopathy were observed after maternal warfarin administration between gestational weeks 8 and 12, a period that precedes the onset of fetal coagulation factor expression (26) . Further evidence that vitamin K plays a specific physiological role in the brain was provided by experiments in which administration of vitamin K was shown to up-regulate Src kinase activity and increase phosphorylation of the receptor tyrosine kinase Eyk, focal adhesion kinase, and paxillin, in the chick brain during embryogenesis (27) . This effect was abrogated by warfarin.
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It remains unclear whether these observations can be ascribed to an undiscovered function of vitamin K itself, or to the inadequate carboxylation of as-yet unidentified protein substrates. ␥-Glutamyl carboxylase activity and uncharacterized substrates have been identified in a wide variety of tissues (28) . Carboxylase expression has been shown to be developmentally regulated in rat embryogenesis, with prominent expression observed in neuroepithelia at a developmental stage preceding the onset of expression in the hepatic primordium (29) .
The functional characterization of Gas6 represented the first exception to the notion that vitamin K is required solely for blood coagulation and the regulation of bone growth and soft tissue calcification. The subsequent identification of the integral membrane Gla proteins proline-rich Gla protein (PRGP) 1 and 2 and demonstration of their broad tissue distribution (30) further support this view. The influence of vitamin K and its antagonists on sulfatide metabolism and tyrosine phosphorylation, the demonstration of extrahepatic ␥-glutamyl carboxylase expression during fetal development, and the embryopathology associated with in utero warfarin exposure further suggest that our understanding of vitamin K function is incomplete.
In this manuscript, we report the identification of two cDNAs encoding Gla-domain-containing proteins that are single-pass transmembrane proteins. These two proteins have been named transmembrane Gla proteins 3 and 4 (TMG3 and TMG4). Analysis of their deduced amino acid sequences reveals that, like the two PRGPs, they contain copies of the sequence PPXY, a motif known to mediate interactions with WW domaincontaining proteins in a variety of cellular processes, including protein turnover, cell-cycle progression, and signal transduction (31) . Members of this family of Gla proteins thus possess hallmarks of cell-surface receptors, namely, a transmembrane topology and potential cytoplasmic signaling motifs. In addition, the widespread expression of these proteins in the fetus raises the possibility that impairment of their function(s) by inadequate ␥-glutamyl carboxylation may be partly responsible for the teratogenic effects of warfarin exposure in utero.
Materials and Methods
Isolation of the TMG3 cDNA. An expressed sequence tag (EST) derived from a human ovarian carcinoma (GenBank no. AI266282) and predicted to encode a Gla domain, was identified in the EST database (dbEST) maintained by the National Center for Biotechnology Information (NCBI) by using the TBLASTN search algorithm (32) . The query sequence was derived from a potential Gla domain-encoding sequence previously identified in an alternate reading frame of the 5Ј end of the rabbit aortic cyclic nucleotide gated channel cDNA (ref. 33; GenBank no. X59668). Oligonucleotide primers based on this EST sequence were used to isolate the 5Ј and 3Ј ends of the TMG3 cDNA from a human adult spinal cord cDNA library by the PCR by using rapid amplification of cDNA ends (RACE; ref. 34 ).
Isolation of the TMG4 cDNA. The amino acid sequence of the PRGP1 Gla domain was used to query the completed human genome sequence database at the NCBI using TBLASTN. This search identified a Gla domain-encoding sequence in a contiguous sequence (GenBank no. AL035400) derived from chromosome 11, band p13. Query of dbEST with this genomic sequence identified an EST from a human choriocarcinoma library that encoded a novel Gla domain-containing protein (GenBank no. BE732028). Oligonucleotide primers based on this EST sequence were used to isolate the 3Ј end of the TMG4 cDNA from a human T47D breast carcinoma cell line cDNA library and the 5Ј end of the TMG4 cDNA from a human MCF7 breast cancer cell line cDNA library. Full-length cDNAs were subsequently isolated from both T47D and MCF7 cDNA libraries.
Determination and Analysis of cDNA Sequences. Sequencing reactions were performed by using a BigDye Primer Cycle Sequencing Kit (Applied Biosystems) and were analyzed on an Applied Biosystems PRISM 377 DNA Sequencer. In all cases, sequencing reactions were performed directly on PCR products, as well as on a minimum of five independent plasmid clones to ensure the absence of PCR-generated mutations. The cDNA sequences of PRGP1 and -2, and TMG3 and -4 were used to query the Human Genome Sequence Datatase and the unfinished Highthroughput Genomic Sequence Database at NCBI by using the BLASTN program. These alignments allowed determination of the positions of intron͞exon boundaries within these genes. The genomic sequences, identified by GenBank accession number were as follows: PRGP1, AL356858; PRGP2, AC011495; TMG3, AF274854; and TMG4, Hs11 2049.
Determination of Fetal and Adult Tissue Distribution. PCR was performed on normalized first-strand cDNA preparations from fetal and adult human tissues (CLONTECH). Fetal cDNA was prepared from pooled male and female fetuses at gestational weeks 16 to 36. All PCRs were performed by using a standard thermal cycling program: 94°C, 1 min (1 cycle); 94°C, 30 sec, 68°C, 1.5 min (N cycles); and 68°C, 5 min (1 cycle). The number of annealing͞extension cycles (N) for each set of reactions was as follows: PRGP1, 40; PRGP2, 40; TMG3, 40; TMG4, 36; Gas6, 40; prothrombin, 35; MGP, 32; glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 25. N was adjusted for each set of reactions such that the most intense amplimer band of the set was of subsaturating intensity. PCR primers were designed to anneal to cDNAs at positions corresponding to different exons to TCC and 5Ј-CCAGTCACTTCCTCGGTTACTCTC; PRGP2, 5Ј-CTG-GCAGCCTCTGGGGTACACGAC and 5Ј-CCAGGACA-CGGGAACACGTTGCCG; TMG3, 5Ј-GAGGCCAAGGAT-GCCCAT TCGGTC and 5Ј-CACATACATGGCATCT-GAGCTCTG; TMG4, 5Ј-GGATTACTTGGCTACTATCTTT-GTATC and 5Ј-CTGTTCATAAGAAGGTAATCCTGCATC; Gas6, 5Ј-GCCCCCGACCTCCGTGCCGTGCCTCTC and 5Ј-AGCCTCCGGTTGACCTCCAGTGTCATG; prothrombin, 5Ј-GGGCGGGTGACAGGCTGGGGCAACCTG and 5Ј-CAG-GCGGAACACATGTGTGTAGAAGCC; MGP, 5Ј-CCCC-TCAGCAGAGATGGAGAGCTA A AG and 5Ј-ATGT T-GACTCTCCTTTGACCCTCACTG. GAPDH primers were supplied by the manufacturer.
Results and Discussion TMG3. In a previous investigation (30), we reported that the 5Ј end of a cDNA sequence for the rabbit aortic cyclic nucleotide gated channel (GenBank no. X59668) (33) appeared to encode a Gla domain with the characteristic pattern of glutamate and cysteine residues, but this sequence was present in a different reading frame than that of the channel protein. By using the predicted amino acid sequence of this apparently out-of-frame Gla domain, we identified an EST (GenBank no. AI266282) from a human ovarian carcinoma cDNA library that appeared to be the human ortholog of the rabbit Gla protein. PCR primers derived from this EST sequence were used to amplify the TMG3 cDNA from an adult human spinal cord cDNA library by RACE. The resulting cDNA (GenBank no. AF326350) was 1237 bp in length and consisted of a 33-bp 5Ј untranslated region (UTR), a 696-bp DNA sequence coding for 231 amino acids, and a 508-bp 3Ј UTR. With the exception of the Gla domain-encoding region, this cDNA bore no resemblance to that of the rabbit cyclic nucleotide gated channel protein. A polyadenylation signal was not present at the 3Ј end of this cDNA, suggesting that the cDNA was not full-length. Comparison of the cDNA sequence to human genomic DNA (GenBank no. AF274854) revealed an adenine-rich sequence in the genomic DNA adjacent to the region that corresponded to the 3Ј end of the cDNA that was isolated. Therefore, it appeared that our cDNA sequence was prematurely truncated within the 3Ј UTR because of mispriming of the oligo(dT) primer used in the construction of the cDNA library. This genomic sequence was derived from the X chromosome, band p28.
TMG4.
A query of the completed human genome sequence database with the amino acid sequence of the PRGP1 Gla domain identified another Gla domain-encoding sequence within a genomic clone (GenBank no. AL035400) that mapped to chromosome 11, band p13. A subsequent search of the EST database dbEST with this genomic sequence identified an EST from a human choriocarcinoma librar y (GenBank no. BE732028). Full-length TMG4 cDNAs were then isolated by RACE from a human T47D breast carcinoma library and from an MCF7 breast cancer cell line library. The longest cDNA (GenBank no. AF326351) was 1108 bp in length and consisted of a 109-bp 5Ј UTR, a 681-bp DNA sequence coding for 227 amino acids, and a 318-bp 3Ј UTR. Two tandem polyadenylation sequences (AATAAA) were present in the sequence beginning 15 bp from the 3Ј end.
Sequence Analysis of TMG3. The protein encoded by the TMG3 cDNA has a predicted molecular mass of 25.8 kDa and lacked a signal peptide, a characteristic shared with PRGP1. Sequence alignment with other Gla proteins suggested that TMG3 possessed a Gla domain with up to 13 Gla residues preceded by a conserved propeptide implicated in the recognition by ␥-glutamyl carboxylase, with a Ϫ1, Ϫ4 dibasic motif at the predicted propeptide cleavage site (Fig. 1) . The predicted mature protein consisted of 212 amino acid residues with a molecular mass of 23.7 kDa after cleavage of the propeptide. As with other members of this protein family, hydropathy analysis indicated that TMG3 was a single-pass transmembrane protein (Fig. 2) . This hydrophobic region (residues 60 to 82) was f lanked by acidic residues (Asp-53 and Asp-59) on the N-terminal side and by basic residues (Arg-83, Lys-88, and Arg-91) on the C-terminal side, suggesting that TMG3 was oriented in the membrane such that the C-terminal 129 amino acids were exposed to the cytoplasm (ref. 35 ; Fig.  3 Left). Such an orientation would allow exposure of the N-terminal domain of TMG3 to the ␥-glutamyl carboxylase during the posttranslational carboxylation reaction occurring within the lumen of the endoplasmic reticulum (4).
The putative cytoplasmic domain of TMG3 bears two PPXY motifs, a common feature of all four transmembrane Gla proteins from this family. This sequence constitutes the minimal binding motif of WW domains of approximately 40 amino acid residues. WW domains are present in a variety of proteins involved in cytoskeletal interactions, protein turnover, signal transduction, and cell-cycle progression (31) . Like PRGP1, TMG3 has two PPXY motifs. At present, little is known about how the sequences f lanking PPXY motifs confer specificity for particular WW domains. However, comparison of the extended PPXY motifs of TMG3 and PRGP1 revealed a consensus sequence D͞T-P-P-P-X-Y-E-E͞D-⌿ (where X is variable and ⌿ is hydrophobic). These adjacent sequences may also be important in determining the specificity of WW domain interactions.
Comparison of the TMG3 cDNA to genomic DNA revealed a single base difference within the region encoding the cytoplasmic domain of the protein. Base number 491 in the cDNA sequence was guanine, whereas the corresponding position in the genomic DNA was adenine. This corresponds to a substitution of asparagine (AAC) for serine (AGC) at residue number 134 in the mature protein (Fig. 3 Left) . Several independent cloning experiments failed to produce a cDNA clone with an A at this position. Thus, it remains unclear whether this difference was the result of a mutation or a sequencing mistake in the genomic sequence, or whether it represented a naturally occurring dimorphism.
Sequence Analysis of TMG4. The protein encoded by the TMG4 cDNA contains nine potential Gla residues and has a predicted molecular mass of 25.4 kDa. Like PRGP2, TMG4 has an N-terminal hydrophobic sequence predicted to be a signal peptide by the method of Nielsen et al. (ref. 36;  Fig. 2; Fig. 3 Right). The signal peptide is followed by a propeptide that differs from the typical propeptides of the other vitamin K-dependent proteins in that it has an isoleucine at the Ϫ4 position and lacks the canonical Ϫ1, Ϫ4 dibasic motif at the presumed site of propeptide cleavage (Fig. 1) . The predicted mature protein consists of 177 amino acid residues with a molecular mass of 19.9 kDa after cleavage of the signal peptide and propeptide.
As with the other three transmembrane Gla proteins, the putative cytoplasmic domain of TMG4 possessed a PPXY motif. In this regard, TMG4 most closely resembles PRGP2. Both proteins possess a single PPXY motif within a consensus sequence P-P-P-P-Y, a sequence that was originally identified in proteins interacting with the WW domain-containing protein yes kinase-associated Protein (37) . The extended motif within one of these proteins, WBP-2, exactly matches the sequence P-P-P-P-Y-P-G in TMG4, suggesting that TMG4 may interact with yes kinase-associated protein. TMG4 also contains a single copy of the sequence PXXP, the minimal binding motif for proteins bearing Src homology (SH) 3 domains (38) .
Organization of the TMG Genes and Their Chromosomal Localization.
Human genomic sequences corresponding to all four transmembrane Gla proteins were used to assign chromosome localization and determine gene organization. The chromosome assignments were as follows: PRGP1, X chromosome; PRGP2, chromosome 19; TMG3, Xq28; and TMG4, 11p13. Comparison of the intron͞exon boundaries (Fig. 4) revealed similarities between the gene organization for PRGP1 and TMG3 and between PRGP2 and TMG4. The C-terminal portion of the Gla domain, transmembrane domain, cytoplasmic domain, and 3Ј UTR of PRGP1 and TMG3 were all encoded by a single exon (Fig. 3 Left) . In PRGP2 and TMG4, the Gla domain was encoded by two exons, the transmembrane domain by one exon, and either most (PRGP2) or all (TMG4) of the cytoplasmic domain by one exon. Although the sizes of the protein themselves were approximately equal, the sizes of their corresponding genes varied widely, from approximately 2.8 kb (TMG3) to greater than 78 kb (PRGP1). The genes encoding PRGP2 and TMG4 were of intermediate size (7.7 kb and 24 kb, respectively).
Fetal and Adult Tissue Distribution. PCRs were performed on panels of first-strand cDNA preparations from a variety of fetal and adult human tissues that had been normalized relative to the abundance of several housekeeping genes (Fig. 5) . For the PRGPs and TMGs, the fetal and adult expression pattern appeared to be similar for a given protein, with a few notable exceptions. First, the expression of TMG3 in skeletal muscle was markedly decreased in the adult relative to the fetus, but this pattern is reversed for fetal and adult heart. Second, whereas the overall pattern of TMG4 expression was similar in the fetus and in the adult, there was a significant increase in adult tissues relative to their fetal counterparts. This appeared to be the case for MGP as well. This pattern contrasted with that of Gas6, which showed little or no correlation between fetal and adult expression profiles.
It is tempting to speculate that inadequate carboxylation of the Gla proteins, shown here to be expressed in the fetus, is partly responsible for the teratogenesis associated with warfarin exposure in utero. For example, the insufficient carboxylation of Gas6, which has been previously shown to be expressed in the fetus (39) , may underlie at least part of the fetopathology resulting from maternal warfarin prophylaxis. However, a definitive answer will have to await the results of other experiments, such as the targeted disruption of the Gas6 gene in mice. Other likely candidates include PRGP1 and -2, and TMG3 and -4, but such speculation will require a more substantive understanding of the functions of these proteins.
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